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ABSTRACT: The homoleptic compounds [U(salan-R2)2] (R
= Me (1), tBu (2)) were prepared in high yield by salt-
metathesis reactions between UI4(L)2 (L = Et2O, PhCN) and
2 equiv of [K2(salan-R2)] in THF. In contrast, the reaction of
the tetradentate ligands salan-R2 with UI3(THF)4 leads to
disproportionation of the metal and to mixtures of U(IV)
[U(salan-R2)2] and [U(salan-R2)I2] complexes, depending on the ligand to M ratio. The reaction of K2salan-Me2 ligand with
U(IV) iodide and chloride salts always leads to mixtures of the homoleptic bis-ligand complex [U(salan-Me2)2] and heteroleptic
complexes [U(salan-Me2)X2] in different organic solvents. The structure of the heteroleptic complex [U(salan-Me2)I2(CH3CN)]
(4) was determined by X-ray studies. Heteroleptic U(IV) and Th(IV) chloride complexes were obtained in good yield using the
bulky salan-tBu2 ligand. The new complexes [U(salan-tBu2)Cl2(bipy)] (5) and [Th(salan-tBu2)Cl2(bipy)] (8) were
crystallographically characterized. The salan-tBu2 halide complexes of U(IV) and Th(IV) revealed good precursors for the
synthesis of stable dialkyl complexes. The six-coordinated alkyl complexes [Th(salan-tBu2)(CH2SiMe3)2] (9) and
[U(salan-tBu2)(CH2SiMe3)2] (10) were prepared by addition of LiCH2SiMe3 to the chloride precursor in toluene, and their
solution and solid-state structures (for 9) were determined by NMR and X-ray studies. These complexes are stable for days at
room temperature. Preliminary reactivity studies show that CO2 inserts into the An−C bond to afford a mixture of carboxylate
products. In the presence of traces of LiCl, crystals of the dimeric insertion product [Th2Cl(salan-

tBu2)2(μ-η
1:η1-

O2CCH2SiMe3)2(μ-η
1:η2-O2CCH2SiMe3)] (11) were isolated. The structure shows that CO2 insertion occurs in both alkyl

groups and that the resulting carboxylate is easily displaced by a chloride anion.

■ INTRODUCTION

Due to the large coordination numbers of actinides and the
possible participation of 5f electrons in bonding and reactivity,
actinide complexes can promote unusual reactivity and perform
as more effective catalysts in comparison to lanthanides and d-
block metals.1−7

In particular, alkyl complexes of actinides can act as versatile
catalysts in many transformations or participate as intermedi-
ates in catalytic transformations.8−11

The chemistry of alkyl complexes of An(IV) has been
extensively investigated since the early 1970s using cyclo-
pentadienyl as an effective supporting ligand.12−19 The
insertion reactions of substrates into the actinide−carbon
bond have a key role in actinide-promoted transformation and
functionalization of organic molecules, and accordingly,
insertion reactions are also well documented in actinide
metallocene chemistry,15,20−24 although only very few insertion
products have been crystallographically characterized.
Previous studies show that the geometry and electronic

properties of the ancillary ligand play an important role in the

reactivity and catalytic efficiency of organoactinide com-
plexes.13,25,26

However, only a few non-cyclopentadienyl supporting
ligands have been used to prepare stable An(IV) alkyl
complexes and to investigate their chemistry,27−29 which
includes three dianionic ancillary ligands.30−35 Some of these
systems have demonstrated high stability,34 unprecedented
reactivity such as C−C coupling36 and C−H activation,37 and
catalytic activity in alkene polymerization or hydroamina-
tion.38−40 The use of non-cyclopentadienyl ligands has also
recently led to the characterization of a rare monoalkyl U(III)
species that can insert CO2 and CS2 into An−C bonds to yield
the corresponding carboxylate and dithiocarboxylate com-
plexes.41 These results highlight the interest in identifying
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new supporting ligands capable of stabilizing An alkyl
complexes and in tuning their reactivity.
salans are tetradentate dianionic diamine bis(phenolate)

ligands which are being increasingly used as supporting ligands
in coordination chemistry and catalytic transformations
promoted by transition metals42,43 and lanthanides.44 Tetra-
dentate salan ligands should provide a robust coordination
environment for reactivity studies on uranium alkyl complexes
and are good candidates for the development of uranium-based
catalysts. Moreover, the bulk and electronic properties of these
ligands can be easily tuned to optimize the stability and
reactivity of the final complex. However, in uranium chemistry
they have only been used to prepare stable uranyl(V)
complexes and their uranyl(VI) analogues.45−47 Here we have
investigated the ability of the tetradentate ligands salan-tBu2

2−

(H2salan-
tBu2 = N,N′-bis(2-hydroxybenzyl-3,5-di-tert-butyl)-

1,2-dimethylaminomethane) and salan-Me2
2− (H2salan-Me2 =

N,N′-bis(2-hydroxybenzyl-3,5-methyl)-1,2-dimethylaminome-
thane) to form complexes with uranium in lower oxidation
states. We show that the bulky salan-tBu2

2− ligand provides a
suitable environment for the synthesis of heteroleptic An(IV)
halide complexes, [An(salan-tBu2)X2], which provide versatile
precursors for the synthesis of robust alkyl complexes. The
reaction of CO2 insertion with these alkyl complexes is also
described.

■ EXPERIMENTAL SECTION
General Considerations. All air- and moisture-sensitive manip-

ulations were performed using standard Schlenk techniques or in an
inert-atmosphere glovebox filled with nitrogen or argon. Tetrahy-
drofuran, dimethoxyethane, toluene, and n-hexane were predried using
4A molecular sieves, distilled under nitrogen from sodium−
benzophenone, and degassed prior to use. Tetrahydrofuran-d8,
benzene-d6, and toluene-d8 were dried over sodium-benzophenone
and distilled under argon. Acetonitrile and acetonitrile-d3 were distilled
from P2O5 or CaH2 under argon and maintained in contact with 3A
molecular sieves several days before use.
UI3(THF)4, UCl4, UI4(L)n (L = Et2O, PhCN), and ThCl4(dme)2

were prepared using previously reported procedures.48−52 The
dianionic salan-R2 ligand precursors and the potassium salts were
synthesized as previously reported.53 2,2′-Bipyridine was sublimed
before use. Pentane was removed under vacuum from LiCH2Si(CH3)3
(1.0 M, Aldrich) prior to use.
The NMR experiments (1H, 13C, COSY, HSQC) were performed

on Varian 300 and 400 MHz and Bruker 200 MHz spectrometers; all
chemical shifts are reported relative to the peak for SiMe4 using

1H
and 13C chemical shifts of residual solvents. CHN elemental analyses
were performed using a CE Instruments EA1110 automatic analyzer or
by Analytische Laboratorien GMBH at Lindlar, Germany. Electrospray
ionization mass spectrometry (ESI/MS) was performed using a Bruker
HCT quadrupole ion trap equipped with an electrospray interface; the
samples were prepared under N2 with dry solvents, and the airtight
syringe was filled inside an inert-atmosphere glovebox and carried in a
closed vessel under N2 before injection.
Synthesis of [U(salan-Me2)2] (1). Method 1. A green solution of

UI3(THF)4 (49 mg, 0.054 mmol, 1 equiv) in acetonitrile (1 mL) was
added to a suspension of [K2(salan-Me2)] (23.3 mg, 0.054.0 mmol, 1
equiv) in acetonitrile (1 mL). The resulting suspension was stirred for
30 min, and the solids were removed by filtration. The resulting green
solution was left to stand at room temperature for 1 day to yield X-ray-
quality crystals of 1 in 55% yield (15 mg, 0.015 mmol).
Method 2. A brown solution of UI4(Et2O)2 (50 mg, 0.056 mmol) in

1.5 mL of THF was added to a suspension of [K2(salan-Me2)] (48.3
mg, 0.111 mmol) in THF (1.5 mL). The resulting mixture was stirred
for 0.5 h, at room temperature, until the suspension became green.
The white solid that formed was removed by filtration, and the
solution was concentrated and left standing at room temperature for

few days. Complex 1 was obtained as a green microcrystalline solid in
73% yield (39 mg, 0.041 mmol). Anal. Calcd for C44H60N4O4U: C,
55.80; H, 6.38; N, 5.91. Found: C, 55.48; H, 6.28; N, 5.88. 1H NMR
(200 MHz, THF-d8, 298 K): δ 41.2 (s, 4H), 15.5 (s, 12H), 12.6 (s,
4H), 7.4 (s, 4H), 3.2 (s, 12H), −4.3 (s, 4H), −12.0 (s, 12H), −33.2 (s,
4H), −52.4 (s, 4H).

Synthesis of [U(salan-tBu2)2] (2). Method 1. A green solution of
UI3(THF)4 (50 mg, 0.055 mmol) in 1 mL of acetonitrile was added to
a suspension of [K2(salan-

tBu2)] (33 mg, 0.055 mmol) in acetonitrile
(1 mL). The resulting mixture was stirred for 1 h at room temperature.
The KI that formed was removed by filtration, and the resulting brown
solution was transferred to a crystallization tube. After 2 days at room
temperature, green crystals suitable for X-ray diffraction of compound
2·1.25CH3CN were obtained. Yield: 65% (23 mg, 0.018 mmol).
Crystals of 2·THF of better quality were obtained from a THF
solution. Anal. Calcd for C68H108N4O4U.CH3CN: C, 63.47; H, 8.45;
N, 5.29. Found: C, 63.21; H, 8.59; N, 5.40.

Method 2. Complex 2 can also be obtained from the addition of a
brown solution of UI4(EtO2)2 (37 mg, 0.042 mmol) in 1 mL of THF
to a suspension of [K2(salan-

tBu2)] (50 mg, 0.083 mmol) in THF (1.5
mL). The resulting suspension was stirred for 3 h at room temperature
and then filtered to afford the final compound. Yield: 78% (42 mg,
0.033 mmol). Crystals of 2·THF were grown from a tetrahydrofuran
solution at room temperature and confirmed the presence of the bis-
ligand complex. The 1H NMR of 2 in THF at room temperature
displays a series of broad signals. 1H NMR (400 MHz, THF-d8, 233
K): 80.99 (s, 2H), 53.55 (s, 6H, NCH3), 31.51 (s, 18H. C(CH3)3),
30.99 (s, 2H), 12.88 (s, 2H), 6.99 (s, 18H, C(CH3)3), −1.51 (s, 18H,
C(CH3)3), −2.24 (s, 2H), −2.92 (s, 2H), −5.74 (s, 18H, C(CH3)3),
−7.53 (s, 2H), −10.49 (s, 2H), −26.81 (s, 2H), −38.54 (s, 2H),
−43.59 (s, 2H), −57.32 (s, 2H), −59.09 (s, 6H, C(CH3)3), −72.52 (s,
2H). 1H NMR (300 MHz, C7D8, 233 K): 78.95 (s, 2H), 51.19 (s, 6H,
NCH3), 30.89 (s, 18H, C(CH3)3), 12.64 (s, 2H), 8.60 (s, 2H), 6.82 (s,
18H, C(CH3)3), −1.14 (s, 18H, C(CH3)3), −1.50 (s, 2H), −2.85 (s,
2H), −5.32 (s, 18H, C(CH3)3), −7.02 (s, 2H), −9.68 (s, 2H), −26.00
(s, 2H), −38.45 (s, 2H), −42.99 (s, 2H), −55.79 (s, 2H), −56.82 (s,
6H, NCH3), −70.24 (s, 2H).

Isolation of Crystals of [U(salan-tBu2)I2(bipy)] (3). To a
solution of UI3(THF)4 (332 mg, 0.38 mmol) in THF (10 mL) was
added a solution of [K2(salan-

tBu2)] (228 mg, 0.38 mmol) in THF (10
mL), and the mixture was stirred at room temperature for 2 h. A
solution of 2,2′-bipyridine (60 mg, 0,38 mmol) in THF (0.5 mL) was
then added, and the mixture was stirred overnight at room
temperature. After centrifugation, the solvent was removed under
vacuum, giving a dark green solid, which was further extracted with
toluene. Green crystals adequate for X-ray diffraction analysis were
obtained by slow diffusion of n-hexane into a concentrated toluene
solution of the mixture. 1H NMR (300 MHz, C6D6, 298 K): 169.90
(2H, br), 48.26 (18H, s, C(CH3)3), 43.50 (2H, s), 22.03 (2H, s), 17.13
(2H, s), 10.34 (18H, s, C(CH3)3)), 3.30 (2H, s), −22.03 (2H, s),
−30.31 (2H, br), −44.79 (2H, br), −50.16 (2H + 2H, s), −63.85 (6H,
s, NCH3).

This complex could not be obtained analytically pure in large
quantity because the formation of 3 is always accompanied by the
presence of [U(salan-tBu2)2] (2).

Isolation of Crystals of [U(salan-Me2)I2(CH3CN)] (4). A brown
solution of UI4(PhCN)4 (50 mg, 0.043 mmol, 1 equiv) in acetonitrile
(1.5 mL) was added to a suspension of [K2(salan-Me2)] (18.7 mg,
0.043 mmol, 1 equiv) in acetonitrile (1.5 mL). The resulting
suspension was stirred for 3 h until it became green, and then the
white precipitate of KI was removed by filtration. The resulting green
solution was transferred to a crystallization tube, and after 3 days X-
ray-quality crystals of 4 were formed. 1H NMR (200 MHz, THF-d8,
298 K): δ 81.4 (s, 6H), 47.6 (s, 2H), 20.6 (s, 2H), 19.8 (s, 6H), −26.0
(s, 2H), −33.0 (s, 2H), −53.5 (s, 4H), −76.4 (s, 6H).

This complex could not be obtained analytically pure in large
quantity because the formation of 4 is always accompanied by the
presence of [U(salan-Me2)]2 (1). Although complex 4 is more
insoluble, it was impossible to obtain an analytically pure complex by
crystallization.
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Synthesis of [U(salan-tBu2)Cl2(bipy)] (5). To a green solution of
UCl4 (289 mg, 0.76 mmol) in THF (10 mL) was slowly added a
solution of [K2(salan-

tBu2)] (457 mg, 0.76 mmol) in THF (15 mL),
and the mixture was stirred for 30 min to afford the mono-ligand
complex [U(salan-tBu2)Cl2(THF)x] (1H NMR (200 MHz, THF-d8,
298 K): δ 52.6 (s, 18H, C(CH3)3), 47.3 (s, 2H), 20.4 (s, 2H), 11.5 (s,
18H, C(CH3)3), −23.9 (s, 2H), −33.6 (s, 2H), −52.2 (s, 2H), −53.3
(s, 2H), −76.9 (s, 6H, NCH3)). Then it was added to a solution of
2,2′-bipyridine (119 mg, 0,76 mmol) in THF (0.5 mL). After the
reaction mixture was stirred overnight at room temperature, the
potassium chloride was separated by centrifugation and the solvent
was removed under vacuum. After the residue was washed three times
with 2 mL of acetonitrile and once with 3 mL of n-hexane and dried
under vacuum, a green solid was obtained and identified as 5 (459 mg,
0.464 mmol, 61%). Green crystals of 5 suitable for X-ray diffraction
analysis were obtained by slow diffusion of n-hexane into a saturated
toluene solution. Anal. Calcd for C44H62N4O2Cl2U: C, 53.49; H, 6.33;
N, 5.67. Found: C, 53.75; H, 6.70; N, 5.80. MS (ESI/MS, CH3CN/
THF): m/z 853.4 [U(salan-tBu2)Cl2Na]

+, 869.5 [U(salan-tBu2)Cl2K]
+,

951.4 [U(salan-tBu2)Cl(bipy)]
+, 867.4 [U(salan-tBu2)Cl3]

−. 1H NMR
(300 MHz, C6D6, 298 K): δ 154.39 (2H, br), 45.90 (s, 18H,
C(CH3)3), 41.96 (s, 2H), 24.14 (s, 2H), 19.07 (s, 2H), 17.51 (s, 2H),
17.17 (s, 2H), 10.15 (s, 18H, C(CH3)3), −24.08 (s, 2H,), −27.20 (s,
2H), −38.79 (br, 2H,), −48.91 (s, 2H+2H), −64.80 (s, 6H, NCH3).
Isolation of Crystals of [Th(salan-tBu2)2] (6). To a suspension of

ThCl4(dme)2 (158 mg, 0.285 mmol, 1 equiv) in tetrahydrofuran (10
mL) was added a solution of [K2(salan-

tBu2)] (344 mg, 0.572 mmol, 2
equiv) in THF (5 mL). The resulting suspension was stirred overnight
at room temperature, and then the white precipitate of KCl was
removed by centrifugation. Evaporation under reduced pressure
produced a white solid. Complex 6 could not be obtained analytically
pure because the formation of 6 is always accompanied by the
presence of [Th(salan-tBu2)Cl2] and other species, and separation of 6
by crystallization proved to be difficult. A few crystals adequate for X-
ray diffraction analysis were grown from a saturated hexane solution.
1H NMR (300 MHz, C6D6, 298 K): δ 7.61 (d, 4H, Ar-H), 6.73 (d, JHH
= 2.7 Hz, 4H, Ar-H), 5.85 (d, JHH = 12.7 Hz, 4H, ArCH2N), 3.11 (d,
JHH = 9 Hz, 4H, NCH2CH2N), 2.82 (d, JHH = 4H, 12.96 HZ,
ArCH2N), 2.67 (s, 6H, NCH3), 1.82 (s, 36H, C(CH3)3), 1.27 (d, 4H,
NCH2CH2N), 1.18 (s, 36H, C(CH3)3).
Synthesis of [Th(salan-tBu2)Cl2(dme)] (7). A solution of

[K2(salan-
tBu2)] (560 mg, 0.932 mmol) in 1,2-dimethoxyethane (10

mL) was added dropwise to a solution of ThCl4(dme)2 (516 mg, 0.932
mmol) in 1,2-dimethoxyethane (10 mL), and the mixture was stirred
overnight at room temperature. The mixture was centrifuged, and the
volatiles were removed under reduced pressure. The residue was
extracted with a mixture of 10 mL of toluene and 0.4 mL of dme, and
the resulting solution was concentrated under vacuum. A white
microcrystalline solid was isolated by centrifugation, washed with n-
hexane, and dried under vacuum to give 6 (632 mg, 0.690 mmol,
74%). Anal. Calcd for C38H64Cl2N2O4Th·0.2(toluene): C, 50.65; H,
7.08, N, 3.30. Found: C, 50.77; H, 7.44; N, 3.08. MS (ESI/MS,
CH3CN): m/z 863.2 [Th(salan-tBu2)Cl2K]

+, 861.4 [Th(salan-tBu2)-
Cl3]

−. 1H NMR (300 MHz, C6D6, 298 K): δ 7.68 (2H, d, JHH = 2.5
Hz, Ar), 6.92 (2H, d, JHH = 2.5 Hz, Ar), 5.29 (2H, d, JHH = 13.8 Hz,
ArCH2N), 2.78 (2H, d, JHH = 13.8 Hz, ArCH2N), 3.78 (br,
OCH2CH2O), 3.31 (br, OCH3). 2.99 (2H, d, JHH = 10.4 Hz,
NCH2CH2N), 2.55 (6H, s, NCH3), 1.82 (18H, s, C(CH3)3), 1.34
(18H, s, C(CH3)3), 1.20 (2H, d, JHH = 10.4 Hz, NCH2CH2N).

13C
NMR (75.4 MHz, C6D6, 298 K): δ 159.6 (Ar-C-O), 140.6 (Ar-C),
137.2 (Ar-C), 126.7 (Ar-C), 125.7 (Ar-CH), 125.1 (Ar-CH), 72.1
(OCH2CH2O), 64.5 (ArCH2N), 63.1 (CH3OCH2CH2OCH3), 53.1
(NCH2CH2N), 47.8 (NCH3), 34.6 (C(CH3)), 34.4 (C(CH3)), 31.9
(C(CH3)), 31.5 (C(CH3)).

1H NMR (300 MHz, C7D8, 263 K): δ 7.66
(2H, d, J = 2.4 Hz; Ar), 6.91 (2H, d, J = 2.4 Hz; Ar), 5.24 (2H, d, J =
13.5 Hz, ArCH2N), 3.76 (2H, d, J = 6.9 Hz, OCH2CH2O), 3.30 (6H,
s, CH3O), 2.99 (2H, d; 9.9 Hz, NCH2CH2N), 2.77 (2H, d, 13.8 Hz,
ArCH2N), 2.65 (2H, d, J = 6.9 Hz, OCH2CH2O), 2.52 (6H, s, CH3N),
1.81 (18H, s, C(CH3)3, 1.35 (18H, s, C(CH3)3), 1.20 (2H, d; J =10.2,
NCH2CH2N).

13C NMR (75.4 MHz, C7D8, 263 K): δ 159.5 (Ar-CO),

140.3 (Ar-C), 136.9 (Ar-C), 126.5 (Ar-C), 125.6 (Ar-CH), 71.9
(OCH2CH2O), 64.4 (ArCH2N), 63.0 (CH3O), 53.0 (NCH2CH2N),
47.7 (NCH3), 35.5 (C(CH3)), 34.3 (C(CH3)), 31.9 (C(CH3)), 31.2
(C(CH3)).

Synthesis of [Th(salan-tBu2)Cl2(bipy)] (8). A 2,2′-bipyridine (34
mg, 0.22 mmol) toluene solution (1 mL) was added to a solution of 7
(200 mg, 0.22 mmol) in toluene (10 mL). After 1 h of stirring at room
temperature the volatiles were removed under vacuum. The residue
solid was redissolved in 4 mL of toluene, and addition of 8 mL of n-
hexane afforded a white crystalline solid formulated as [Th-
(salan-tBu2)Cl2(bipy)] (170 mg, 0.173 mmol, 79%). X-ray-quality
crystals were obtained by slow diffusion of n-hexane into a toluene
solution of 8. Anal. Calcd for C44H62Cl2N4O2Th: C, 53.82; H, 6.36; N,
5.71. Found: C, 53.41; H, 6.25; N, 5.45. MS (ESI/MS, CH3CN): m/z
863.5 [Th(salan-tBu2)Cl2K]

+, 945.6 [Th(salan-tBu2)Cl(bipy)]
+, 861.5

[Th(salan-tBu2)Cl3]
−. 1H NMR (300 MHz, C6D6, 298 K): δ 9.17 (2H,

d, 5.1 Hz, bipy), 7.78 (2H, d, JHH = 2,4 Hz, Ar-H), 7.05 (2H, d, JHH =
2,4 Hz, Ar-H), 6.92 (2H, d, 7.8 Hz, bipy), 6.85 (2H, m, bipy), 6.35
(2H, m, bipy), 5.56 (2H, d, JHH = 13,7 Hz, ArCH2N), 3.18 (2H, d, JHH
= 9.9 Hz, NCH2CH2N), 2.93 (2H, d, JHH = 13.9 Hz, ArCH2N), 2.69
(6H, s, CH3), 1.78 (18H, s, C(CH3)3) 1.38 (18H, s, C(CH3)3), 1.33
(2H, d, JHH = 9,07 Hz, NCH2CH2N).

13C NMR (75.4 MHz, C6D6,
298 K): δ 159.9 (Ar-CO), 154.8 (bipy-C), 152.3 (bipy-CH), 140.4
(Ar-C), 138.2 (bipy-CH), 137.6 (Ar-C), 127.2 (Ar-C), 126.1 (Ar−
CH), 125.7 (Ar-C), 125.3 (Ar-CH), 123.8 (bipy-CH), 122.0 (bipy-
CH), 64.6 (ArCH2N), 53.1 (NCH2CH2N), 47.8 (NCH3), 35.9
(C(CH3)3), 34.4 (C(CH3)3), 32.1 (C(CH3)3), 32.0 (C(CH3)3).

Synthesis of [Th(salan-tBu2)(CH2SiMe3)2] (9). To a solution of 7
(312 mg, 0.342 mmol) in toluene (10 mL) was added a solution of
LiCH2SiMe3 (65 mg, 0.69 mmol) in toluene (1 mL). After 1 h of
stirring at room temperature the resulting mixture was centrifuged and
the solids were discarded. The volatiles were removed under reduced
pressure, and the residue was washed with ca. 0.4 mL of n-hexane. The
resulting white solid was redissolved in 3 mL of a 1/1 toluene/n-
hexane mixture. Concentration of the solution led to the formation of
white crystals of 8 suitable for X-ray diffraction analysis (210 mg, 0.226
mmol, 66%). Anal. Calcd for C42H76N2O2Si2Th: C, 54.28; H, 8.24; N,
3.01. Found: C, 54.33; H, 8.31; N, 3.08. 1H NMR (300 MHz, C6D6,
298 K): δ 7.62 (d, JHH = 2.4 Hz, 2H, Ar-H), 6.86 (d, JHH = 2.4 Hz, 2H,
Ar-H), 4.13 (d, JHH = 13.2 Hz, 2H, ArCH2N), 2.66 (d, JHH = 9.3 Hz,
2H, NCH2CH2N), 2.56 (d, JHH = 13.2 Hz, 2H, ArCH2N), 1.75 (s,
18H, C(CH3)3), 1.69 (s, 6H, NCH3), 1.31 (s, 18H, C(CH3)3), 1.05 (d,
JHH = 9.3 Hz, 2H, NCH2CH2N), 0.36 (s, 18H, Si(CH3)3), 0.30 (d, JHH
= 10.2 Hz, 2H, Th-CH2), 0.00 (d, JHH = 10.2 Hz, 2H, Th-CH2).

13C
NMR (75.4 MHz, C6D6, 298 K): δ 161.0 (Ar-CO), 140.6 (Ar-C),
136.9 (Ar-C), 125.6 (Ar-C), 125.0 (Ar-CH), 124.8 (Ar-CH), 87.2
(CH2SiMe3), 63.0 (ArCH2N), 51.3 (NCH2CH2N), 42.1 (NCH3), 35.5
(C(CH3)), 34.4 (C(CH3)), 31.9 (C(CH3)), 31.4 (C(CH3)), 4.21
(Si(CH3)3).

Synthesis of [U(salan-tBu2)(CH2SiMe3)2] (10). To a solution of
UCl4 (217 mg, 0.57 mmol) in THF (10 mL) was added a solution of
[K2(salan-

tBu2)] (344 mg, 0.57 mmol) in THF (10 mL), and the
mixture was stirred overnight at room temperature. The resulting
mixture was centrifuged, and the solvent was removed under reduced
pressure to give [U(salan-tBu2)Cl2(THF)x]. Toluene was added to the
solid residue, and to the resulting suspension was added a solution of
LiCH2SiMe3 (108 mg, 1.14 mmol) in toluene (1 mL). The mixture
was stirred for 1 h at room temperature and centrifuged, and the LiCl
that formed was discarded. The volatiles were removed under reduced
pressure, giving a dark green solid, which was further extracted with n-
hexane. The first crop of the hexane solution (0.5 mL) was discarded,
and the following crops were evaporated under reduced pressure,
giving compound 10 as a green solid (247 mg, 0.264 mmol, 46%). An
analytically pure sample was obtained from concentration of a
saturated THF solution. Anal. Calcd for C42H76N2O2Si2U: C, 53.94;
H, 8.19, N, 3.00. Found: C, 53.64; H, 8.62; N, 2.91. 1H NMR (300
MHz, C6D6, 298 K, ppm): δ 46.621 (s, 18H, C(CH3)3), 42.67 (s, 2H),
19.21 (s, 2H), 10.46 (s, 18H, C(CH3)3), −10.894−10. (s, 18H,
Si(CH3)3), −17.68 (s, 2H), −26.55 (s, 2H), −47.41 (s, 2H), −50.90
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(s, 2H), −86.19 (s, 6H, NCH3), −236.43 (s, 2H, CH2SiMe3), −238.53
(s, 2H, CH2SiMe3).
Isolation of [Th2Cl(salan-

tBu2)2(μ-η
1:η1-O2CCH2SiMe3)2(μ-

η1:η2-O2CCH2SiMe3)] (11). A Schlenk tube was charged with 9 (98
mg, 0.106 mmol) and toluene (5 mL). The solution was degassed by
three freeze−pump−thaw cycles, and CO2 (2.3 mmol) was expanded
into the tube (1 atm). The reaction mixture was stirred for 1 h at room
temperature, and then the solvent was removed under vacuum. The
white solid obtained was analyzed by 1H NMR and ESI/MS, showing
that a mixture of compounds was formed. A few crystals of 11 were
isolated by slow evaporation of a toluene solution of the bulk product.
Attempts to synthesize complex 11 in analytically pure form have
failed, which is consistent with the NMR and ESI/MS analysis. Even in
the presence of an excess of LiCl the ESI/MS and NMR analysis
shows the presence of a mixture of compounds. In the presence of
excess LiCl, the mono-chloride [Th(salan-tBu)(O2CCH2SiMe3)2Cl]

−

and bis-chloride [Th(salan-tBu)(O2CCH2SiMe3)Cl2]
− species are

both present in solution. The neutral bis-carboxylate is also present
in solution, even in the presence of excess chloride. The presence of
multiple species and of excess LiCl renders difficult the synthesis and
characterization of 11.

NMR Tube Scale Reaction of [An(salan-tBu2)(CH2SiMe3)2] (An
= Th (9), U (10)) with CO2. A 10−30 mg portion of the bis(alkyl)
actinide was dissolved in C7D8 (0.4 mL), and the solution was freeze−
pump−thawed three times. The solution was then exposed to 1 atm of
CO2 (2 equiv or excess) at room temperature. The reaction was
monitored by 1H NMR spectroscopy and ESI/MS.

X-ray Crystallography. Crystallographic and experimental details
of data collection and crystal structure refinement are summarized in
Tables 1 and 2. Suitable crystals of complexes were selected and
coated in FOMBLIN oil under an inert atmosphere. Crystals were
then mounted on a loop, and the data were collected using graphite-
monochromated Mo Kα (λ = 0.71073 Å) on a Bruker AXS-KAPPA
APEX II area detector or an Oxford Diffraction X-Calibur S
diffractometer equipped with an Oxford Cryosystem open-flow
nitrogen cryostat, and data were collected at 150 K. Cell parameters
were retrieved using Bruker SMART or CrysalisPro CCD software and
refined using Bruker SAINT or CrysalisPro Red on all observed
reflections. Absorption corrections were applied using SADABS or
ABSPACK.54 The structures were solved by direct methods using
either SHELXS-9755 or SIR 9756 or SHELXTL 6.10 and refined using
full-matrix least-squares refinement against F2 using SHELXL-97.55 In

Table 1. X-ray Crystal Data and Collection Parameters for the Uranium Complexes

2·1.25CH3CN 2·C4H8O 3·2C7H8 4 5·C7H8

empirical formula C70.50H111.75N5.25O4U C72H116N4O5U C58H78I2N4O2U C24H33I2N3O2U C51H67Cl2N4O2U
fw 1334.93 1355.72 1355.07 887.36 1077.02
temp (K) 150(2) 150(2) 150(2) 150(2) 150(2)
cryst syst triclinic monoclinic monoclinic tetragonal monoclinic
space group P1̅ C2/c P21/c P43212 C2/c
a (Å) 15.1010(4) 18.2767(3) 10.1592(9) 8.52423(14) 34.0855(8)
b (Å) 15.3382(5) 24.4463(4) 31.130(3) 8.52423(14) 16.1899(3)
c (Å) 36.8413(6) 16.6782(3) 18.5587(17) 38.5227(12) 18.7980(4)
α (deg) 85.198(2) 90 90 90 90
β (deg) 78.323(2) 99.620(1) 91.005(3) 90 105.919(2)
γ (deg) 60.699(3) 90 90 90 90
V (Å3) 7286.3(4) 7347.0(2) 5868.4(10) 2799.15(11) 9975.7(4)
Z 4 4 4 4 8
ρcalcd (Mg/m3) 1.217 1.226 1.534 2.106 1.434
μ (mm−1) 2.273 2.256 3.859 8.028 3.402
R1a (I > 2σ(I)) 0.0635 0.0309 0.0719 0.0439 0.0363
wR2a (all data) 0.1459 0.0838 0.1571 0.0845 0.0900

aDefinitions: R1 = ∑||Fo| − |Fc||/∑|Fo|; wR2 = [∑w(Fo
2 − Fc

2)2/∑w(Fo
2)2]1/2.

Table 2. X-ray Crystal Data and Collection Parameters for the Thorium Complexes

6·C6H14 8·3C7H8 9 11·4C7H8

empirical formula C74H122N4O4Th C109H148Cl4N8O4Th2 C42H76N2O2Si2Th C111H173ClN4O10Si3Th2
fw 1363.80 2240.23 929.27 2307.33
temp (K) 150(2) 150(2) 150(2) 150(2)
cryst syst monoclinic trigonal monoclinic triclinic
space group C2/c R3̅ C2/c P1 ̅
a (Å) 18.2062(4) 41.4321(13) 20.0165(4) 18.1779(3)
b (Å) 24.5461(4) 41.4321(13) 10.3489(2) 18.2607(3)
c (Å) 16.5539(3) 19.3575(7) 21.9123(5) 20.3703(4)
α (deg) 90 90 90 109.6670(10)
β (deg) 98.9980(10) 90 92.1110(10) 97.926(2)
γ (deg) 90 120 90 108.813(2)
V (Å3) 7306.8(2) 28777.5(16) 4536.03(16) 5792.2(2)
Z 4 9 4 2
ρcalcd (Mg/m3) 1.240 1.163 1.361 1.323
μ (mm−1) 2.088 2.450 3.373 2.672
R1a (I > 2σ(I)) 0.0247 0.0364 0.0252 0.0414
wR2a (all data) 0.0524 0.0792 0.0501 0.1056

aDefinitions: R1 = ∑||Fo| − |Fc||/∑|Fo|; wR2 = [∑w(Fo
2 − Fc

2)2/∑w(Fo
2)2]1/2.
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the former case, all programs are included in the package of programs
WINGX-version 1.64.05.57All non-hydrogen atoms were refined
anisotropically, unless it was mentioned in the cif files of the
structures, and all hydrogen atoms were placed in idealized positions
and allowed to refine riding on the parent carbon atom.

■ RESULTS AND DISCUSSION
Reactivity of U(III) with salan-R2. The reaction of

UI3(THF)4 with 1 equiv of [K2(salan-Me2)] in CH3CN led
to the isolation of the homoleptic uranium(IV) complex
[U(salan-Me2)2] (1) (Scheme 1). Proton NMR spectra of 1/1

and 1/2 reaction mixtures of UI3(THF)4 and K2(salan-Me2)
show the presence of only one set of signals assigned to
complex 1. X-ray diffraction studies on crystals isolated from
both solutions confirmed the presence of the bis-ligand
complex. While the crystals were not of sufficient quality to
discuss the metrical parameters, the connectivity clearly shows
the presence of a bis-ligand complex (see Figure S1 in the
Supporting Information). This indicates that independently of
the metal/ligand ratio the oxidation of the metal occurs, leading
to the formation of the bis-ligand complex.
The 1H NMR spectrum of 1 at 25 °C in THF-d8 (Figure S2,

Supporting Information) displays nine paramagnetically shifted
peaks and is consistent with the presence of D2h-symmetric
solution species, with three resonances for the four aromatic
methyl and four amine methyl groups, two signals for the
aromatic protons, and four signals for the two diastereotopic
benzylic and the two diastereotopic methylenic bridge protons.
In order to probe the effect of bulky phenolate substituents

in stabilizing a reduced species, the reaction between
UI3(THF)4 and the more bulky ligand [K2(salan-

tBu2)], in a
1/1 ratio, was performed in different coordinating solvents
(THF, CH3CN, dme). In all the cases, the reaction led to the
formation of a mixture of U(IV) species which were assigned
from the NMR studies to the monoligand and bis-ligand
complexes. The 1H NMR spectra of the crude mixtures in
toluene-d8 at 25 °C display two distinct groups of resonances
(Figure S3, Supporting Information): one group of narrow
resonances, with a characteristic pattern of a C2-symmetrical
complex in solution, and one group of broad resonances. The
first group was assigned to a mono-salan uranium(IV) complex.
The broad resonances were attributed to the bis-ligand complex
2, and lowering the temperature of the sample in toluene-d8 or
THF-d8 to −40 °C allowed the observation in the 1H NMR
spectrum of 4 resonances for the tert-butyl groups and 2
resonances for the methyl groups in the intensity ratio of 18/
18/18/18/6/6 and 12 resonances with identical intensity (2H)
that could be assigned to the methylenic and aromatic protons
of the salan ligands of the complex [U(salan-tBu2)2] (2).

Increasing the metal to ligand ratio to 1/2 enhanced the
formation of the bis-ligand complex [U(salan-tBu2)2] (2),
which is the only species present in solution. Crystals of 2
suitable for X-ray diffraction analysis were grown by letting
stand at room temperature a saturated acetonitrile solution (or
tetrahydrofuran solution). Complex 2 can be obtained in 33%
yield analytically pure from the reaction of UI3(THF)4 and
K2(salan-

tBu2), in a 1/1 ratio.
The salan uranium(IV) complexes 1 and 2 were probably

formed by a disproportionation process promoted by the salan
ligands, although the formation of U(0) metal could not be
detected. An analogous behavior was reported by the
Diaconescu group, showing that stoichiometric reactions
between UI3(THF)4 and the dianionic ligands 2,6-bis(2,6-
diisopropylanilidomethyl)pyridine (NNpy)31 and ferrocene-
diamide (NNfc)30 give the complexes [U(NNpy)2], [U(NN

fc)2],
and [U(NNfc)I2(THF)], respectively, in reproducible yields.
The authors indicated that the uranium(IV) complexes were
presumably formed by the disproportionation of uranium(III)
intermediates to U(IV) and some form of U(0). This
disproportionation pathway (UIII → UIV + U0) has also been
reported by other authors.58,59

Disproportionation also occurs when the reaction of
UI3(THF)4 with 1 equiv of [K2(salan-

tBu2)] is carried out in
tetrahydrofuran in the presence of 2,2′-bipyridine. The proton
NMR spectrum in toluene-d8 of the reaction mixture at −40 °C
shows the presence of two groups of NMR resonances, which
were assigned to mono-ligand species and to the bis-ligand
complex [U(salan-tBu2)2] (2). Due to the similar solubilities of
2 and 3, it was not possible to isolate the bis-iodide 3 complex
as an analytically pure compound. However, it was possible to
isolate crystals suitable for X-ray diffraction analysis and
confirm the structure of [U(salan-tBu2)(bipy)I2] (3).
The 1H NMR spectrum of 3 recorded in benzene-d8 at 20 °C

(Figure S4, Supporting Information) shows that the ONNO
ligand protons feature an integration pattern consistent with an
overall C2-symmetric molecule in solution.

Uranium(IV) salan-R2 Complexes. The homoleptic
compounds [U(salan-R2)2] (R = Me (1), tBu (2)) can also
be prepared in high yields by the salt-metathesis reactions
between UI4(L)2 (L = Et2O, PhCN) and 2 equiv of [K2(salan-
R2)] in THF (Scheme 2).

We have also investigated the possibility of preparing
heteroleptic U(IV) complexes of salan-R2 containing labile
halide ligands, with the objective of identifying new precursors
for the synthesis of U(IV) alkyl complexes.
The reaction of UI4(Et2O)2 with K2(salan-Me2) in

tetrahydrofuran, at room temperature, in a metal to ligand
ratio of 1/1 (or less) always gave a mixture of the mono- and
bis-ligand complexes (Figure S5, Supporting Information). The
lower solubility of [U(salan-Me2)I2(CH3CN)] (4) in compar-
ison to 1 allowed the isolation of X-ray-quality crystals of 4
from a saturated acetonitrile solution of the reaction mixture.
The proton NMR spectrum of crystals of 4 shows the presence

Scheme 1. Reaction of [UI3(THF)4] with salan-R2 Ligands
(R = Me, tBu)

Scheme 2. Synthesis of the Homoleptic [U(IV)(salanR2)2]
Complexes (R = Me, tBu)
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of C2-symmetric solution species (Figure S6, Supporting
Information). However, the reproducible synthesis of complex
4 in an analytically pure form turned out to be difficult.
In order to identify synthetic routes to heteroleptic salan

complexes suitable for reactivity studies, we have used UCl4 as
an alternative starting material for the preparation of these
complexes. We expected that the chloride atoms would be less
easily displaced during the salt-metathesis reactions, therefore
leading to the stabilization of the mono-ligand complex.
Nevertheless, in the case of the less bulky ligand (salan-
Me2)

2− the reactions in a 1/1 ligand to metal ratio still gave a
mixture of the mono-ligand and bis-ligand complexes (Figure
S7, Supporting Information). To favor the formation of the bis-
chloride complex, we then performed the reaction with the
bulky K2(salan-

tBu2) ligand. The proton NMR in THF-d8 at 25
°C of the reaction mixture of UCl4 and 1 equiv of
K2(salan-

tBu2) shows only one set of paramagnetically shifted
resonances for the diamine bis(phenolate) ligand with an
integration pattern consistent with a C2-symmetric compound
in solution (Figure S8, Supporting Information). Several efforts
were made to obtain crystals for X-ray diffraction analysis, but
without success. However, the addition of 2,2′-bipyridine to a
toluene solution of the isolated product led to the formation of
[U(salan-tBu2)Cl2(bipy)] (5), confirming the formation of a
monosubstituted species of the type [U(salan-tBu2)-
Cl2(THF)x]. Complex 5 was isolated in 61% yield by reacting
UCl4 with 1 equiv of [K2(salan-

tBu2)] in THF and in the
presence of 2,2′-bipyridine (Scheme 3). Compound 5 is soluble
in aromatic solvents and THF and insoluble in acetonitrile and
n-hexane.

Crystal and Molecular Structures of the Uranium
salan-R2 Complexes. The molecular structures of the
uranium salan complexes 2−5 were determined by single-
crystal X-ray diffraction analysis.
The complex [U(salan-tBu2)2] (2) crystallized from a THF

solution as a tetrahydrofuran solvate and consists of discrete
molecules in which the uranium(IV) center is eight-coordinated
by two κ4-ONNO ligands (Figure 1). The coordination around
the metal is best described as dodecahedral60 with the two
orthogonal trapezoids defined by the atoms O1−O1A−N2−
N2A and O2−O2A−N1−N1A with a dihedral angle of
87.78(12)° between the two planes. The arrangement of the
donor atoms around the uranium atom presents a crystallo-
graphically imposed C2 symmetry that makes the two phenolate
groups of the same diamine bis(phenolate) ligand identical and
the two ONNO ligands different, which is consistent with the
solution NMR data obtained at low temperature. The U−O

bond distances of 2.219(2) and 2.263(2) Å are within the
values reported for U(IV) phenolates.61 The U−N bond
lengths of 2.790(2) and 2.766(2) Å are slightly longer than
those found in the uranium(IV) bis(phenolate) complex
[U(ONO′O)2] (2.654(16) and 2.707(13) Å) (ONO′O =
MeOCH2CH2N(CH2-(2-O-C6H2-Bu

t
2-3,5))2).

62

The complex [U(salan-tBu2)I2(bipy)] (3) crystallized by
slow diffusion of n-hexane into a saturated toluene solution
with one independent molecule of 3 and two toluene molecules
in the unit cell. The structure of 3 is shown in Figure 2 with
selected bond lengths and angles.
The molecular structure shows that the uranium(IV) is eight-

coordinated by the ONNO donors of the tetradentate
[salan-tBu2]

2− ligand, by the two nitrogens of the bipyridine
chelate, and by two iodine atoms. Although the arrangement of
the donor atoms around the uranium atom in 3 results in the
absence of crystallographic symmetry, the structure displays a

Scheme 3. Synthesis of the Heteroleptic U(IV) salan-R2/
Halide Complexes

Figure 1. ORTEP view of the solid-state molecular structure of
[U(salan-tBu)2] in 2·THF (50% probability ellipsoids). Hydrogen
atoms and solvent molecules are omitted for clarity. Selected bond
lengths (Å) and angles (deg): U−O(1) = 2.221(2), U−O(2) =
2.263(2), U−N(1) = 2.767(3), U−N(2) = 2.792(3); O(1)−U−
O(1A) = 148.60(12), O(2)−U−O(2A) = 144.93(12), N(1)−U−
N(1A) = 65.51(13), N(2)−U−N(2A) = 62.69(13).

Figure 2. ORTEP view of the solid-state molecular structure of
[U(salan-tBu2)I2(bipy)] (3) in 3·2C7H8 (50% probability ellipsoids).
Hydrogen atoms and solvent molecules are omitted for clarity.
Selected bond lengths (Å) and angles (deg): U−O(1) = 2.128(8), U−
O(2) = 2.118(8), U−N(1) = 2.705(9), U−N(2) = 2.702(9), U−
N(3)(bipy) = 2.673(10), U−N(4)(bipy) = 2.663(10), U−I(1) =
3.2032(9), U−I(2) = 3.2020(9); O(1)−U−O(2) = 150.9(3), I(1)−
U−I(2) = 142.83(3), N(1)−U−N(2) = 66.9(3), N(3)−U−N(4) =
61.2(3).
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pseudo-C2 axis that crosses the midpoint of the C−C bond
linking the two pyridyl rings, which is consistent with the
solution NMR data. The coordination geometry for the
diiodide salan complex is irregular.
The U−O (2.118(8) and 2.128(8) Å) and U−N(salan)

(2.704(9) and 2.702(9) Å) bond distances are slightly shorter
than those found for compound 2, certainly due to an increased
steric congestion around the uranium center in complex 2
imposed by the coordination of two tetradentate salan ligands.
The average U−N(bipy) bond distance of 2.668(15) Å is
similar to U−N(bipy) bond distances reported for the U(IV)
complexes [UCl4(dmpe)(Me2bipy)] (dmpe = 1,2-bis-
(dimethylphosphino)ethane; average 2.642(6) Å)63 and [U-
(OSiMe3)2I2(bipy)2] (average 2.658(5) Å).64 The C−C bond
distance linking the two pyridyl rings of 1.515(18) Å is
comparable with that of 1.490(3) Å in free bipyridine and in
other reported bipyridine uranium complexes,65−67 confirming
the C−C single-bond character. The bipyridine ligand is not
planar, as expected for a neutral bipyridine upon coordination
to a metal,68 presenting a torsion angle between the two pyridyl
rings of 17.9(8)°.
The complex [U(salan-Me2)I2(CH3CN)] (4) crystallizes

with one independent monomeric complex in the asymmetric
unit. The molecular structure is presented in Figure 3.

The structure shows that the metal is six-coordinated in a
pentagonal-bipyramidal geometry, with the two iodide atoms
occupying the apical positions of the bipyramid (I1−U−I1A =
173.55(2)°). The acetonitrile nitrogen atom and the ONNO-
salan donors lie in the equatorial plane with X−M−X angles
ranging between 68.1(2) and 76.58(12)°. The U−O (2.078(5)
Å), U−N(salan) (2.700(5) Å), and U−I bond lengths
(3.0754(5) Å) are shorter than those observed for 2 and 3,
as expected for a less sterically crowded complex with a lower
coordination number.
The complex [U(salan-tBu2)Cl2(bipy)] (5) crystallized by

slow diffusion of n-hexane into a saturated toluene solution
with one toluene molecule in the asymmetric unit. The X-ray
diffraction structure shows that compound 5 is isomorphous
with 3 (Figure 4), with a pseudo-C2 axis crossing the C−C
bond linking the two pyridyl rings of the bipyridine. As
observed for the diiodide uranium salan complex, the

coordination sphere around the uranium center is highly
distorted.
The average U−O, U−N, and U−N(bipy) bond distances

are almost identical with those found for complex 3. The
average U−Cl bond lengths of 2.717(1) Å in 5 is within the
values for other uranium(IV) chlorides reported in the
literature (2.617(3)−2.719(1) Å).69,70 The C−C bond distance
linking the two pyridyl rings of 1.466(8) Å and the torsion
angle between the two pyridyl rings of 15.9(3)° are also
characteristic of the coordination of a neutral bipyridine ligand
to the uranium center.

Thorium(IV) salan-R2 Complexes. On the basis of the
information obtained with uranium, we have also investigated
the possibility of preparing analogous thorium(IV) salan
complexes.
The reaction of ThCl4(dme)2 with K2(salan-

tBu2) in
tetrahydrofuran, at room temperature, in a metal to ligand
ratio of 1/2 gave a mixture of the mono- and bis-ligand
complexes. It was not possible to isolate the complex
[Th(salan-tBu2)2] (6) in an analytically pure form. Only a
few crystals suitable for X-ray diffraction analysis were obtained
from a saturated n-hexane solution, which allowed us to
confirm the presence in the reaction mixture of the bis-ligand
thorium complex 6.
As depicted in Scheme 4, the reaction of ThCl4(dme)2 with 1

equiv of K2(salan-
tBu2) in dme, at room temperature, afforded

the monosubstituted thorium complex [Th(salan-tBu)-
Cl2(dme)] (7) as a white solid in good yield.
The thorium diamine bis(phenolate) complex 7 was fully

characterized by ESI/MS and 1H and 13C NMR spectroscopy.
The 1H NMR spectra of 7 in benzene-d6, at room temperature,
display chemical shifts in the range of 0−8 ppm with well-
resolved coupling patterns, consistent with a diamagnetic
compound and also reflecting the presence of C2-symmetric
complexes in solution, as observed for the dihalide uranium-
(IV) salan complexes. The ancillary ligand displays one set of
resonances for the phenolate groups and one resonance for the
methyl protons, while the diastereotopic methylenic bridge
protons appear as two doublets and the diastereotopic benzylic

Figure 3. ORTEP view of the solid-state molecular structure of
[U(salan-Me)I2(CH3CN)] (4) (50% probability ellipsoids). Hydrogen
atoms and solvent molecules are omitted for clarity. Selected bond
lengths (Å) and angles (deg): U−O(1) = 2.078(5), U−N(1) =
2.700(5), U−N(2) = 2.591(7), U−I(1) = 3.0754(5); O(1)−U−
O(1)A = 153.2(2), I(1)−U−I(1)A = 173.55(2), O(1)−U−N(2) =
76.58(12), O(1)−U−N(1) = 69.42(16), N(1)−U−N(1)A = 68.1(2),
O(1)−U−I(1) = 91.46(12).

Figure 4. ORTEP view of the solid-state molecular structure of
[U(salan-tBu2)Cl2(bipy)] (5) (50% probability ellipsoids; one of the
tBu groups could not be refined anisotropically). Hydrogen atoms and
solvent molecules are omitted for clarity. Selected bond lengths (Å)
and angles (deg): U−O(1) = 2.163(3), U−O(2) = 2.151(3), U−N(1)
= 2.702(4), U−N(2) = 2.674(4), U−N(3)(bipy) = 2.677(4), U−
N(4)(bipy) = 2.677(4), U−Cl(1) = 2.7356(11), U−Cl(2) =
2.6985(12); O(1)−U−O(2) = 151.63(12), Cl(1)−U−Cl(2) =
144.37(4), N(1)−U−N(2) = 67.58(12), N(3)−U−N(4) = 61.07(14).
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protons appear as a typical AB discrete doublet at 5.24 and 2.77
ppm. The difference in chemical shifts observed for the
diastereotopic benzyl protons is remarkable and more
pronounced than those observed for salan−transition-metal
complexes.53,71 An analogous observation was reported for the
amine bis(phenolate) complex [Th(ONOO)Cl2] (ONOO =
MeOCH2CH2N(CH2-(2-O-C6H2-Bu

t
2-3,5))2,

72 indicating that
one set of the benzylic protons is closer to the electropositive
metal center. The signals corresponding to the methylene
groups of the coordinated dme in [Th(salan-tBu2)Cl2(dme)]
(7) are very broad. Decreasing the temperature of the NMR
sample to −10 °C, in toluene-d8, allowed the observation of
two doublets at 3.76 and 2.65 ppm for the diastereotopic CH2
protons of the symmetrically coordinated dme molecule. The
C2 symmetry in solution was also confirmed by the 13C NMR
data. Although the NMR data and the other analyses were
consistent with the formulation proposed, the solid-state
structures of the dme adduct could not be determined.

1H NMR studies in benzene-d6 showed that the coordinated
dme molecule in 7 is quantitatively replaced by the 2,2′-
bipyridine chelate. The same reaction carried out in toluene
(Scheme 4) led to the isolation of the complex [Th-
(salan-tBu2)Cl2(bipy)] (8) as a white solid in 79% yield. The
1H NMR spectrum of 8 is consistent with an overall C2-
symmetric structure in solution, in agreement with the pseudo-
C2 symmetry found in the solid state for 8 (see below). The 13C
NMR spectra confirmed all the conclusions drawn from 1H
NMR spectral analysis. The proton and carbon chemical shift
assignments for compounds 7 and 8 were made on the basis of
1H−1H COSY and 1H−13C HSQC experiments.
Crystal and Molecular Structures of the Thorium

salan Complexes. The complex [Th(salan-tBu2)2] (6)
crystallizes in the monoclinic space group C2/c as an n-hexane
solvate and is isostructural with [U(salan-tBu2)2] (2) (Figure
5). Complex 6 exhibits a distorted-dodecahedral geometry, in
which the two orthogonal trapezoids are defined by O2−O2A−
N1−N1A and O1−O1A−N2−N2A with a dihedral angle of
87.85(5)°. As observed for the uranium complex, the
thorium(IV) complex presents a crystallographically imposed
C2 symmetry, which is consistent with the solution NMR data.
The Th−O (2.276(2) and 2.295(2) Å) and Th−N (2.807(2)
and 2.819(2) Å) bond lengths are slightly longer than the
corresponding distances observed for the uranium bis-

(salan-tBu2) complex 2, which can be explained by the larger
ionic radius of Th(IV).73 The mean value of the Th−O bond
distance (2.285(2) Å) is similar to that found in the amine
bis(phenolate) complex [Th(ONOO)2] (2.266(4) Å).

72

Crystals suitable for X-ray diffraction analysis were obtained
in the case of [Th(salan-tBu2)Cl2(bipy)] (8) by slow diffusion
of n-hexane into a saturated toluene solution. Complex 8
crystallizes in the trigonal space group R3 as a toluene solvate.
The arrangement of the donor atoms around the thorium atom
in 8 results in a crystallographic C1 symmetry but approximates
a C2 symmetry; small variations of the angles in solution could
be enough to result in a symmetrical compound in solution, as
observed by NMR analysis.
Compound 8 is isomorphous with the uranium complex 5

(Figure 6) and, as expected, has an identical molecular structure

Scheme 4. Synthesis of Mono-salan Thorium(IV) Chloride
Complexes

Figure 5. ORTEP view of the solid-state molecular structure of
[Th(salan-tBu2)2] (6) (50% probability ellipsoids) in 6·C6H14.
Hydrogen atoms and solvent molecules are omitted for clarity.
Selected bond lengths (Å) and angles (deg): Th−O(1) = 2.2755(18),
Th−O(2) = 2.2950(15), Th−N(1) = 2.8194(19), Th−N(2) =
2.807(2); O(1)−Th−O(1A) = 147.03(8), O(2)−Th−O(2A) =
144.37(8), N(1)−Th−N(1A) = 60.17(8), N(2)−Th−N(2A) =
62.38(9).

Figure 6. ORTEP view of the solid-state molecular structure of
[Th(salan-tBu2)Cl2(bipy)] (8) in 8·1.5C7H8 (50% probability
ellipsoids). Hydrogen atoms and solvent molecules are omitted for
clarity. Selected bond lengths (Å) and angles (deg): Th−O(1) =
2.227(3), Th−O(2) = 2.225(3), Th−N(1) = 2.748(4), Th−N(2) =
2.707(4), Th−N(3)(bipy) = 2.717(4), Th−N(4)(bipy) = 2.724(4),
Th−Cl(1) = 2.7647(11), Th−Cl(2) = 2.7342(12); O(1)−Th−O(2) =
150.03(11), Cl(1)−Th−Cl(2) = 145.54(4), N(1)−Th-N(2) =
66.30(11), N(3)−Th−N(4) = 59.42(11).

Organometallics Article

dx.doi.org/10.1021/om3010806 | Organometallics 2013, 32, 1409−14221416

http://pubs.acs.org/action/showImage?doi=10.1021/om3010806&iName=master.img-008.png&w=235&h=173
http://pubs.acs.org/action/showImage?doi=10.1021/om3010806&iName=master.img-009.jpg&w=173&h=158
http://pubs.acs.org/action/showImage?doi=10.1021/om3010806&iName=master.img-010.jpg&w=211&h=145


and very similar bond distances and angles. The bond distances,
with differences of 0.07 Å for M−O, 0.04 Å for M−N(salan),
0.04 Å for M−N(bipy), and 0.05 Å for M−Cl, are in line with
the 0.05 Å difference in ionic radii for U(IV) and Th(IV).73

The average thorium−oxygen bond length is 2.228(6) Å and
compares well with the value of 2.266(4) Å found in the eight-
coordinate amine bis(phenolate) complex Th(ONOO)2.

72 The
pyridyl rings of the bipyridine ligand are twisted with respect to
each other, with a torsion angle of 8.3(2)°. The value of the
bond distance (1.486(8) Å) for the C−C linking the two
pyridyl rings is nearly identical with those found in the free
bipyridine and in the recently structurally characterized
complex [{η5-1,2,4-(Me3C)C5H2)}Th(SePh)3(bipy)]
(1.484(9) Å)74 and is longer than the value found for the
thorium complex [{η5-1,2,4-(Me3C)C5H2)}2Th(bipy)]

74

(1.382(8) Å) with a dianionic bipyridine ligand. The average
Th−N(bipy) bond distance in 8 (2.720(6) Å) is much longer
than the value found in the cyclopentadienyl thorium complex
with anionic bipyridine (2.344(5) Å), as expected, and slightly
longer than the average Th−N bond distance (2.609(5) Å) in
the cyclopentadienyl complex with neutral bipyridine.
Thorium(IV) and Uranium(IV) Alkyl Derivatives. The

reaction of [Th(salan-tBu2)Cl2(dme)] (7) with 2 equiv of
LiCH2SiMe3 in toluene at room temperature led to the
formation of the Th(IV) dialkyl complex [Th(salan-tBu2)-
(CH2SiMe3)2] (9) (Scheme 5).
The dialkyl complex was obtained as a white crystalline solid

in 89% yield. Single crystals of [Th(salan-tBu2)(CH2SiMe3)]
(9) crystallizing in the centrosymmetric monoclinic C2/c space
group were grown by slow evaporation of a toluene/n-hexane
solution. The thorium center is hexacoordinated (Figure 7) and
adopts a distorted-octahedral geometry, in which the phenolate
oxygens are mutually trans with an O−Th−O angle of
154.57(10)°, as observed for group 4 salan complexes.53 The
alkyl groups are cis, as well as the amine nitrogen atoms of the
ancillary ligand, with C−Th−C and N−Th−N angles of
111.34(15) and 64.67(11)°, respectively.
Consistent with the solution NMR data, the two alkyl groups

are symmetrical, as the structure possesses an imposed
crystallographic C2 axis, and the Th−C bond distance of
2.529(3) Å is comparable to those reported for the
bis(trimethylsilylmethyl) complexes [(XA2)ThR2] (H2-XA2 =
4,5-bis(2,6-diisopropylanilino)-2,7-di-tert-butyl-9,9-dimethyl-
xanthene) (2.476(6) Å),34 [{Me2Si(C5Me4)2}ThR2] (2.52(2)

Å),75 [(2,6-tBu2H3C6O)2ThR2] (2.46(2) Å),27 [Cp*-
(2,6-tBu2H3C6O)ThR2] (2.474 Å),76 and [(iPr2PhNCOCN)Th-
(CH2SiMe3)2] (2.50(1) Å).

77

The Th−N bond length of 2.706(2) Å and the Th−O bond
distance of 2.202(2) Å are shorter than those in complex 8, due
to the lower coordination number. The Th−C−Si angle in 9 is
118.29(1)°, which is close to the angle expected for a sp3-
hybridized carbon atom.
Structurally characterized thorium dialkyl complexes sup-

ported by noncarbocyclic ligands are rare,27,32.34,77 and to the
best of our knowledge, 9 represents the first structurally
characterized dialkyl actinide complex supported by a dianionic
tetradentate ligand.
The 1H and 13C NMR data (Figures S9 and S10, Supporting

Information) of 9 corroborate the formation of the dialkyl
complex, and as found for the other thorium complexes, one set
of resonances is observed for the diamine bis(phenolate)
ligand, consistent with a C2-symmetric molecular structure in
solution. As a result of the ligand coordination, the benzylic and
methylenic protons are diastereotopic, giving rise to one 1H AB
spin system and two doublets, respectively. The Th−CH2
resonances give rise to two doublets at 0.30 and 0 ppm with

Scheme 5. Synthesis of Mono-salan Thorium(IV) and Uranium(IV) Alkyl Complexes

Figure 7. ORTEP view of the solid-state molecular structure of
[Th(salan-tBu2)(CH2SiMe3)2 ] (9) (50% probability ellipsoids).
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å)
and angles (deg): Th−O(1) = 2.202(2), Th−N(1) = 2.706(2), Th−
C(18) = 2.529(3); O(1)−Th−O(1A) = 154.57(10), C(18)−Th−
N(1A) = 155.16(10), Th−C(18)−-Si(1) = 118.3(1), C(18)−Th−
N(1) = 92.61(9), N(1)−Th−N(1A) = 64.17(11), C(18)−Th−
C(18A) = 111.34(15).
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2J(H,H) = 10.2 Hz in the 1H NMR and one signal at 87.2 ppm
in the carbon spectrum. The chemical shifts are in conformity
with other thorium bis(trimethylsilylmethyl) complexes
reported.27,32,34,75,77 The 1H and 13C resonances of 9 were
assigned with the support of 1H−1H COSY and 1H−13C
HSQC spectra.
The analogous complex [U(salan-tBu2)(CH2SiMe3)2] (10)

was synthesized by reacting [U(salan-tBu2)Cl2(thf)x], prepared
in situ from the reaction of UCl4 with 1 equiv of
[K2(salan-

tBu2)] in tetrahydrofuran, with 2 equiv of
LiCH2SiMe3 in toluene (Scheme 5). Crystals of 10 were
obtained by slow evaporation of an n-hexane solution. The X-
ray diffraction analysis showed that the uranium bis(alkyl) is
isostructural78 with 9. However, the crystallographic data were
not of very good quality, and therefore the structure will not be
discussed in detail. Nevertheless, the structure possesses
enough quality to indicate atom connectivity, showing that
the uranium(IV) center is six-coordinated by the κ4-ONNO
salan ligand and by two trimethylsilylmethyl groups.
The 1H NMR spectrum of 10 is paramagnetically shifted,

and the resonances were assigned on the basis of the signal
integration (Figure S11, Supporting Information) is consistent
with a C2-symmetric molecular structure in solution. The
diastereotopic U−CH2 protons are significantly upfield at
−236.4 and −238.5 ppm, probably due to the close proximity
of the CH2 protons to the paramagnetic center.
Both An−dialkyl complexes are stable at room temperature

for several weeks in benzene-d6 or toluene-d8 solution but
decompose 50% and 25% for [Th(salan-tBu2)(CH2SiMe3)2]
(9) and [U(salan-tBu2)(CH2SiMe3)2] (10), respectively, over 9
h at 70 °C in toluene-d8. The small differences found in the
stabilities of 9 and 10 probably result from the different degrees
of steric saturation of the coordination spheres of these actinide
metals. Higher stabilities have been reported for thorium alkyls
of highly rigid dianionic bidentate noncarbocyclic ligands,34 but
the stability of complexes 9 and 10 is comparable to the
thermal stability reported for actinide(IV) cyclopentadienyl

dialkyl complexes.75−77,79 and for dialkyl complexes of Th(IV)
containing monoanionic monodentate tert-butylphenoxides as
ancillary ligands.27

Reactivity of An−Bis(alkyl) Complexes with CO2.
Insertion of small molecules into metal−carbon bonds is an
important step in many metal-mediated chemical trans-
formations. Carbon dioxide insertion into metal−carbon
bonds has been extensively explored for transition metals and
lanthanides and yields carboxylates.80−85 The insertion of CO2
into an actinide−carbon bond has been observed in the
presence of carbocyclic ancillary ligands,4,22,23,41,86−89 the first
example being reported by Marks and Moloy in 1985,23 but is
more rare and only four examples of structurally characterized
insertion products have been reported.20,22,41,89 Preliminary
experiments on the reaction of the [An(salan-tBu2)-
(CH2SiMe3)2] complexes (An = Th (9), U (10)) with CO2
were carried out on an NMR scale and followed by 1H NMR
and ESI/MS. Treatment of a toluene-d8 solution of 9 with
excess CO2 at room temperature, over 1 h, led to disappearance
of the 1H NMR resonances corresponding to the bis(alkyl)
species 9 and the emergence of broad resonances in a very
simple spectrum (Figure S12-a, Supporting Information),
where the Si(CH3)3 protons appear as a broad singlet at 0.81
ppm and the aromatic protons of the salan-tBu phenolate
groups appear as two broad signals at 7.48 and 6.89 ppm. When
the sample temperature was lowered, it was possible to observe
at −50 °C the split of the resonance at 0.81 ppm into various
singlets with different integrations (Figure S12-b, Supporting
Information). However, the identification and assignment of
the 1H NMR spectrum proved to be difficult due to signal
overlapping. The NMR analysis indicates that the reaction
[Th(salan-tBu2)(CH2SiMe3)2]/excess CO2 produces complex
product mixtures, which might be involved in fluxional
behavior.
Treating the thorium bis(alkyl) complex with 2 equiv of CO2

led to the observation of 1H NMR spectra, at 20 °C and at low
temperature, with profiles similar to those observed in the

Scheme 6. Reaction of the Dialkyl An(IV) Complexes with 1 atm of CO2 at Room Temperature
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reaction with excess CO2. The 13C NMR at 20 °C also
presented broad resonances (Figure S13, Supporting Informa-
tion), but it was possible to observe resonances at 190.3 and
−1.26 ppm that could be attributed to carboxylate90 and
Si(CH3)3 carbon resonances, respectively. The complexity of
the NMR spectra indicates the presence of an equilibrium
between different products or isomers in solution, which could
result from different coordination modes of the CO2 fragment
(Scheme 6).91

The ESI/MS analysis of the CO2 reactions (Figure S14,
Supporting Information), in the positive ion mode, showed two
peaks at m/z 1039.9 and 2056.1 corresponding to [Th-
(salan-tBu2)(O2CCH2SiMe3)2Na]+ and [{Th(salan-tBu2)-
(O2CCH2SiMe3)2}2Na]

+ (the sodium cation is present in the
electrospray source), respectively, and in the negative ion mode
one peak at m/z 1051.9 corresponding to [Th(salan-tBu2)-
(O2CCH2SiMe3)2Cl]

−. These results are consistent with the
formation of monomeric and dimeric insertion products of
CO2 into the two Th−C bonds. The ESI/MS studies also
indicated that the CO2 insertion occurred into the Th−
C(alkyl) bond and not into the Th−salan ligand bonds, as
collision-induced dissociation (CID) experiments with [Th-
(salan-tBu2)(O2CCH2SiMe3)2Na]

+ showed elimination of
neutral sodium carboxylate [NaO2CCH2SiMe3] (Figure S15,
Supporting Information).
Several attempts were made to obtain crystals of a bis-CO2

insertion thorium compound. In one of these attempts, a few
colorless crystals were obtained by slow evaporation of a
toluene solution of the [Th(salan-tBu2)(CH2SiMe3)2]/CO2
reaction mixture, which were identified as the dimeric complex
[Th2Cl(salan-

tBu2)2(μ-η
1:η1-O2CCH2SiMe3)2(μ-η

1:η2-
O2CCH2SiMe3)] (11) by X-ray diffraction analysis. The
ORTEP diagram and selected bond lengths and angles are
depicted in Figure 8.
Complex 11 contains two thorium centers bridged by two

symmetrical μ-η1:η1 and one unsymmetrical μ-η1:η2 carboxylato
ligands. The Th···Th distance is 4.7536(3) Å. Each thorium
atom is eight-coordinated, however, with different coordination
spheres. One thorium atom is coordinated by the two
symmetrically bridging carboxylato oxygen atoms, by two η2

oxygen atoms of the unsymmetrically bridging μ-η1:η2

carboxylato ligand, and by the tretradentate salan ligand. The
other thorium atom is coordinated by two μ-η1:η1 bridging
carboxylato oxygen atoms, by one oxygen atom of the μ-η1:η2

carboxylato ligand, by one chloride atom, and by the
tetradentate ONNO chelate. The coordination geometry
around the two thorium centers is described as a distorted
dodecahedron, where the two nearly orthogonal trapezoids for
Th(1) (88.2(1)°) are defined by N1−N2−O2−O5 and O1−
O10−O9−O7, with deviations from planarity of 8.2(2) and
13.8(2)°, and for Th(2) (88.7(1)°) defined by N3−N4−O8−
O3 and O4−Cl1−O9−O6.
The Th−N and Th−O(Ar) distances are similar to those

found for 6 and 8. However, the O(Ph)−Th−O(Ph) angles of
104.9(2) and 98.3(1)° are significantly smaller than those
found for 6 and 8, which present values close to 150°. This
indicates that the salan-tBu2 ligand adopts a different
conformation in the dimeric complex 11, demonstrating its
flexibility and ability to adapt to diverse metal environments.
The average Th−O bond lengths (2.406(3) Å) of the

bridging (bidentate) carboxylato ligand are in agreement with
previously reported Th−O bond lengths involving η1:η1

bridging carboxylato ligands.92,93 The Th−O bond lengths of

the μ-η1:η2 carboxylato ligand are longer, ranging from 2.552(4)
to 2.611(3) Å, and are comparable with the average value found
in the complex [Th(HIDA)2(C2O4)] (2.59(3) Å; H2IDA =
iminodiacetic) containing a bidentate chelate carboxylato
group.93 The similar values of the O−C bond lengths
(1.262(6) and 1.259(7) Å; 1.252(7) and 1.276(5) Å;
1.305(8) and 1.334(8) Å) indicate delocalization of an electron
over the O−C−O group in the three fragments.
While the structure of the product of the insertion of CO2

into a Th(IV)−arene bond has been reported,89 complex 11 is,
to the best of our knowledge, the first example of a
crystallographically characterized thorium(IV) carboxylate
complex prepared by insertion reaction of carbon dioxide
into a Th−C(alkyl) bond.
The structure of 11 shows that CO2 insertion into the Th−

C(alkyl) bonds occurred, with one thorium atom coordinated
to three carboxylato ligands and the other thorium atom
coordinated to three bridging carboxylates and one chloride.
The presence of the coordinated chloride ligand is ascribed to
the presence of small amounts of LiCl in the sample of complex
9 reacted with CO2. Attempt to obtain crystals from the
reaction of higher purity samples of 9 with CO2 have failed so
far. The ESI/MS analysis of the reaction mixture [Th-
(salan-tBu2)(CH2SiMe3)2]/CO2 after addition of excess LiCl
(Figure S16, Supporting Information) showed a significant
increase of the peak at m/z 955.9, corresponding to
[Th(salan-tBu)(O2CCH2SiMe3)Cl2]

−, and a decrease of the
peak corresponding to [Th(salan-tBu)(O2CCH2SiMe3)2Cl]

−

(m/z 1051.9), indicating that a carboxylate ligand is easily
replaced by a chloride. A complex with four bridging
carboxylates is sterically crowded, and the presence of LiCl in
the solution facilitates the displacement of a carboxylate ligand

Figure 8. ORTEP view of the solid-state molecular structure of
[Th 2C l ( s a l an - tBu 2 ) 2 (μ -η

1 :η 1 -O2CCH2S iMe 3 ) 2 (μ -η
1 :η 2 -

O2CCH2SiMe3)] (11) (50% probability ellipsoids). Hydrogen atoms
and solvent molecules are omitted for clarity. Selected bond lengths
(Å) and angles (deg): Th(1)−O(1) = 2.200(3), Th(1)−O(2) =
2.196(3), Th(2)−O(3) = 2.198(3), Th(2)−O(4) = 2.213(3), Th(1)−
N(1) = 2.778(4), Th(1)−N(2) = 2.757(4), Th(2)−N(3) = 2.751(4),
Th(2)−N(4) = 2.813(4), Th(1)−O(5) = 2.379(3), Th(1)−O(7) =
2.407(3), Th(1)−O(9) = 2.611(3), Th(1)−O(10) = 2.552(4); O(1)−
Th−O(2) = 104.94(12), O(3)−Th−O(4) = 98.29(11), average O−
C−O(carboxylato) = 123.35(75), N(1)−Th(1)−N(2) = 65.85(11),
N(3)−Th(2)−N(4) = 65.43(11), O(9)−C−O(10) = 123.8(5).
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by a small ligand, such as the chloride. Removal of carboxylate
by a chloride ligand after CO2 insertion into the metal−carbon
bond has been previously reported and could be used to
complete a cycle by regenerating the halide precursor.20,41,94

When an analogous reaction with 2 equiv of CO2 was
performed with the uranium bis(alkyl) 10, the reaction proved
to be slower. After 1 h at room temperature, the 1H NMR
spectrum still displayed resonances of the starting complex 10,
and several new resonances appeared. A group of relatively
sharp resonances with six distinguishable resonances, integrat-
ing for 9 protons each (Figure S17, Supporting Information),
was observed and assigned to four tBu groups, one SiMe3 of the
alkyl ligand, and one SiMe3 group of a carboxylato ligand. This
is consistent with the existence in solution of a reduced-
symmetry system, which could attributed to the formation of an
intermediate mono-CO2 insertion product of the type “[U-
(salan-tBu2)(O2CCH2SiMe3)(CH2SiMe3)]”. Additionally, the
observation of two resonances strongly shifted upfield
(−221.80 and −233.52 ppm) and typically assigned to U−
CH2 protons also supports this interpretation. After 18 h of
reaction, the signals assigned to the mono-CO2 insertion
product disappeared (Figure S19, Supporting Information).
The proton NMR after 18 h shows two sets of signals for which
the most intense peaks could be clearly identified. One set of
signals consists of two resonances at 47.23 (18H) and 10.28
ppm (18H), one resonance at −71.80 ppm (6H), and one
resonance at −12.439 ppm (18H), which could be assigned to
the tBu groups of the aromatic phenolates, to the NMe3 groups,
and to the SiMe3 groups of the carboxylato ligands, respectively.
This is consistent with the presence of a high-symmetry species,
with the chemical shifts of the tBu groups falling in the same
spectral region as those observed for the other C2-symmetric
monomeric uranium compounds described in this work. These
observations led us to assign these signals to a monomeric
compound of the type [U(salan-tBu2)(O2CCH2SiMe3)2]
(complex A in Scheme 6), presenting the same coordination
mode for the two carboxylate ligands. The second sets of
signals of resonances present six resonances of equal intensity,
which could be assigned to four tBu groups and two carboxylate
ligands in a dimeric compound containing two carboxylate
ligands with different coordination modes, as observed for the
thorium CO2 insertion product 11. However, an X-ray
diffraction structure is required to confirm the nuclearity and
coordination mode of the carboxylate ligand in these species.
The presence of other signals on the spectrum, corresponding
probably to other minor species and some decomposition
products which could arise from the loss of carboxylate ligands,
rendered difficult the full assignment of the 1H NMR spectrum
and the isolation of an analytically pure product. The high
solubility of the [U(salan-tBu2)(CH2SiMe3)2]/CO2 reaction
mixture has so far prevented the isolation of single crystals
adequate for X-ray diffraction analysis.
The ESI/MS analysis results (Figure S20, Supporting

Information) are in agreement with the formation of
monomeric and dimeric bis-CO2 insertion products. CID
experiments with [U(salan-tBu2)(O2CCH2SiMe3)2Na]

+ also
showed elimination of neutral sodium carboxylate
[NaO2CCH2SiMe3] (Figure S21, Supporting Information), as
observed for the case of thorium, confirming that the CO2

insertion occurred into the U−C(alkyl) bonds.

■ CONCLUSIONS
The ability of tetradentate salan-R2

2− (R = Me, tBu) to act as a
supporting ligand in low-valent uranium chemistry has been
explored. The salan ligands did not allow the synthesis of stable
complexes of U(III), and the reaction of U(III) with K2salan-R2
induced disproportionation to U(IV) and U(0), affording
mixtures of bis-ligand and monoligand complexes.
Stable mononuclear homoleptic bis-ligand complexes of

U(IV) can be prepared in good yield by salt metathesis by
reacting U(IV) halides with the K2salan-R2 ligands independ-
ently of the ligand bulk (R = Me, tBu). In contrast,
mononuclear heteroleptic complexes of the formula [An-
(salan-tBu2)Cl2] can only be isolated in pure form for the bulky
salan-tBu2 ligand. The reactions of U(IV) and Th(IV) halides
with K2salan-Me2 always afford a mixture of mono- and bis-
ligand complexes independently of the metal to ligand ratios,
due to the high stability of the bis-ligand complexes. These
results show that the ligand substituents can be used to favor
the formation of the targeted compound in these salan systems.
The halide complexes [An(salan-tBu2)Cl2] provide versatile
precursors for the synthesis of stable dialkyl complexes.
Preliminary studies show that CO2 inserts rapidly into the

An(IV)−C(alkyl) bond after reaction of the salan-tBu2-
supported dialkyl complexes at room temperature with 1 atm
of CO2, leading to multiple insertion products. The structure of
the insertion product isolated for thorium shows that insertion
of CO2 occurs in both alkyl groups and that the resulting
carboxylate is easily displaced by a chloride anion, probably as a
result of the important steric bulk of the salan-tBu2 ligand.
Finally, we have demonstrated that salan ligands provide a

new example of effective supporting ligands in organoactinide
chemistry. Future studies will be directed to investigate the
influence of the ligand architecture on the structure and
reactivity of dialkyl complexes of actinide(IV) using aminephe-
nolate ligands with different substituents and with more rigid
amine scaffolds.
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